Changes in protein kinase C (PKC) activity, membrane lipid metabolism, and the extent of 20-kDa myosin light chain (MLC) phosphorylation in spastic ce rebral basilar arteries were examined by using the beagle "two-hemorrhage" model of subarachnoid hemorrhage. In spastic arteries at days 4 and 7, cytosolic PKC activity showed a decrease of 40-45% with no significant changes in membrane PKC activity as compared with nonspastic control arteries. Cytosolic PKC activity of the day 14 arteries returned toward the normal control level with the remission of vasospasm. Western blot analysis of the PKC isoforms revealed that the amounts of PKCa and PKCE but not PKC, were decreased in spastic arteries. As compared with nonspastic arteries, spastic arteries Cerebral vasospasm is one of the most serious complications of subarachnoid hemorrhage and has a profoundly deleterious effect on the cerebral cir culation. Despite previous intensive studies, the pathogenesis and the molecular basis for cerebral vasospasm have remained largely unknown (Bevan and Bevan, 1988) .
Summary: Changes in protein kinase C (PKC) activity, membrane lipid metabolism, and the extent of 20-kDa myosin light chain (MLC) phosphorylation in spastic ce rebral basilar arteries were examined by using the beagle "two-hemorrhage" model of subarachnoid hemorrhage. In spastic arteries at days 4 and 7, cytosolic PKC activity showed a decrease of 40-45% with no significant changes in membrane PKC activity as compared with nonspastic control arteries. Cytosolic PKC activity of the day 14 arteries returned toward the normal control level with the remission of vasospasm. Western blot analysis of the PKC isoforms revealed that the amounts of PKCa and PKCE but not PKC, were decreased in spastic arteries. As compared with nonspastic arteries, spastic arteries Cerebral vasospasm is one of the most serious complications of subarachnoid hemorrhage and has a profoundly deleterious effect on the cerebral cir culation. Despite previous intensive studies, the pathogenesis and the molecular basis for cerebral vasospasm have remained largely unknown (Bevan and Bevan, 1988) .
Calcium ion is known to play a central role in the regulation of vascular smooth muscle contraction showed higher rates of incorporation of [3H]choline into phosphatidylcholine (PC) and e 4 C]ethanolamine into phosphatidylethanolamine (PE), but not of [3H]myoinosi tol into phosphoinositides, suggesting the stimulated turn over of PC and PE. The extent of 20-kDa MLC phospho rylation was not increased in the spastic arteries at days 4 or 7 as compared with that in the nonspastic control ar teries. These results demonstrate that PKC activity and related membrane lipid metabolism are altered in spastic basilar arteries after subarachnoid hemorrhage. Key Words: Cerebral vasospasm-Myosin light chain phos phorylation-Phosphatidylcholine turnover-Protein ki nase C-Subarachnoid hemorrhage. (Bolton, 1979) . It is now generally accepted that Ca2+ -and calmodulin-dependent phosphorylation of the 20-kDa myosin light chain (MLC) leads to an interaction of actin with myosin that underlies the initiation of the contractile response (Kamm and Stull, 1985) . However, additional Ca2+ -dependent regulatory mechanisms for smooth muscle contrac tion have also been proposed, among which is a protein kinase C (PKC)-dependent mechanism (Danthuluri and Deth, 1984; Rasmussen et aI., 1984 Rasmussen et aI., , 1987 . The major support for the regulatory role of PKC comes from observations that numerous vas oconstrictive agonists cause the activation of phos pholipase C, which cleaves phosphatidylinositol (PI) 4,5-bisphosphate to produce inositol 1,4,5trisphosphate and 1,2-diacylglycerol, an endoge nous activator of PKC (Takuwa et aI., 1986; Ras mussen et aI., 1987) and that an active phorbol es ter, a PKC activator, potently induces smooth muscle contraction (Rasmussen et aI., 1984) . We have recently reported that in an in situ superfusion system of spastic cerebral basilar arteries after sub arachnoid hemorrhage in beagles, the PKC inhibi tors H-7 and staurosporine, but not the calmodulin inhibitors W-7 or R24571, effectively dilate the spastic artery . Further, we have found that the 1,2-diacylglycerol content of spastic basilar arteries is significantly increased over that of nonspastic arteries . These observations suggest that the activation of PKC may participate in the development of cerebral vasospasm. To understand in more detail the cellu lar mechanisms involved in cerebral vasospasm, we have studied changes in the subcellular distribution of total PKC activity and the amount of each iso form of PKC, the extent of phosphorylation of 20-kDa MLC, and the phospholipid metabolism lead ing to 1,2-diacylglycerol production in the beagle cerebral basilar artery.
MATERIALS AND METHODS

Intracisternal blood injections
After control angiograms were obtained, male beagles were subjected to an intracisternal injection of autoge nous, fresh, unheparinized arterial blood (0.4 mllkg) ob tained from the femoral artery under barbiturate anesthe sia (day 0) . Forty-eight hours (day 2) after the first injection, the cisternal injection of blood was repeated in the same fashion. Four, 7, or 14 days later, the beagles were anesthetized with sodium pento barbital (20-30 mg/kg i.v.) and the second angiography was carried out. Control animals were subjected to the same surgical procedures and angiography, except that physiological saline was injected intracisternally instead of autogenous blood. Via the transclival approach, seg ments of the cerebral basilar artery from the junction of vertebral arteries to the bifurcation were excised under an operating microscope.
Measurement of PKC activity
Cerebral basiiar arteries were weighed and homoge nized in an ice-cold homogenization buffer containing 20 mM Tris-HCI (pH 7.5), 250 mM sucrose, 0.5 mM ethyl eneglycol-bis-(J3-aminoethyl ether)-N,N,N' ,N'-tetraace tic acid (EGTA), 10 mM 2-mercaptoethanol, 1 mM phen ylmethylsulfonyl fluoride, and 20 /-lg/ml each of leupeptin and aprotinin. The homogenate was then spun at 100,000 g for 60 min and the supernatant was used as the cytosolic fraction. The pellet was rehomogenized in the homogeni zation buffer containing 1.0% Triton X-I00 and centri fuged at 100,000 g for another 60 min. The supernatant was taken as the membrane fraction and diluted with 2 vols of the homogenization buffer. Both fractions were applied to I-ml DE-52 columns equilibrated in buffer A [20 mM Tris-HCI (pH 7.5), 0.5 mM EGTA, 0.5 mM eth ylenediaminetetraacetic acid, 1 mM dithiothreitol (DTT), and 10% glycerol]. The columns were washed with 3 vols of buffer A. The PKC activity was then eluted with buffer A containing 400 mM N aCI. PKC activity was determined by measuring phosphorylation of substrate peptides (Am ersham) both in the presence of Ca z + (1 mM), phosphati-dylserine (0.67 mol%), and phorbol 12-myristate 13acetate (2 /-lg/ml) and in the presence of Ca 2 + (1 mM) alone, and by subtracting the latter from the former value.
Western blot analysis of PKC isozymes
The eluates of the DE-52 column containing the PKC activity were precipitated with trichloroacetic acid [(TCA) final concentration of 8% (wt/vol)]. The precipi tate was washed twice with acetone and solubilized in sodium dodecyl sulfate (SDS) sample buffer (Takuwa et a!., 1988) . The samples were subjected to 8% SDS poly acrylamide gel electrophoresis (PAGE), followed by elec trotransfer to an Immobilon P membrane (Millipore) us ing a semidry transfer apparatus (Nihoneidoh). The membranes were incubated with 0.5-2 /-lg/ml of PKC iso form-specific antibodies (mouse monoclonal antibodies specific to PKCo:, PKCJ3, and PKC'Y from Seikagaku and rabbit polyclonal antibodies raised against the PKC8, PKCE, and PKq peptides from BRL). For Western blots of PKCo:, PKCJ3, and PKC'Y, the membranes were then incubated with biotinylated rabbit anti-mouse IgG, fol lowed by incubation with streptoavidin-conjugated alka line phosphatase (Amersham). For Western blots of PKC8, PKCE, and PKC" the membranes were incubated with alkaline phosphatase-conjugated goat anti-rabbit IgG (Zymed). The immunoreactive proteins were visual ized with the alkaline phosphatase substrate kit (Kirkeg aard-Perry). , 1986) .
Measurements of incorporation of
Measurement of extent of phosphorylation of
20-kDa MLC
Excised basilar arteries were quickly frozen by immer sion in an acetone/dry ice slurry containing 10% (wt/vol) TCA and 20 mM DTT. Frozen arteries were allowed to thaw to room temperature, followed by three rinses with acetone containing 10 mM DTT. The arteries were then homogenized in a homogenization buffer consisting of 10 mM Tris-HCl (pH 7.4), 75 mM NaF, 20 mM DTT, 10% glycerol, 1% (wt/vol) SDS, and 10 mM EGT A, followed by boiling for 5 min. The samples were then centrifuged at 1, 500 g for 3 min and the supernatant was taken for anal ysis by isoelectric focusing followed by SDS-PAGE as described previously (Takuwa et aI., 1988) . Gels were stained with Coomassie brilliant blue and scanned with a Shimadzu CS-930 densitometer. The extent of 20-kDa MLC phosphorylation was calculated by dividing the area of phosphorylated 20-kDa MLC by the total area of both phosphorylated and unphosphorylated 20-kDa MLC.
Statistical analysis
Statistical analysis was performed by Student's t test or Dunnett's test. Statistical significance was defined as p < 0.05. Results are expressed as means ± S.D.
RESULTS
After the intracisternal injection of blood, the basilar artery gradually developed vasospasm as as sessed by angiography. The angiographical diame ters of the basilar artery were 52% (n = 3) on day 4, 46% (n = 7) on day 7, and 88% (n = 4) on day 14 of the normal control value of day O.
To examine whether there was any change in the PKC activity in the spastic artery, we first mea sured the PKC activity in the cytosol and the mem brane fractions (Fig. 1) . In the nonspastic control arteries (day 0), the cytosolic and membrane PKC activities were 29.1 ± 7.4 and 10.9 ± 5.4 pmol P/min/mg wet wt (n = 10), respectively. When the value of the cytosolic PKC activity on day 0 was
��':f expressed as 100%, the PKC activity in the mem brane fraction on day 0 corresponded to 38% of the cytosolic PKC activity. As vasospasm developed, the cytosolic PKC activity fell to 59% of the control value on day 4 and 55% on day 7, when vasospasm reached its maximal level; it then recovered (69% of the control value) on day 14, when vasospasm im proved. In sharp contrast to reductions in cytosolic PKC activity, the membrane PKC activity did not show any significant change throughout the course of vasospasm.
In an attempt to identify the PKC isoforms that might be involved in the development of vaso spasm, Western blot analysis of the PKC isoforms using isoform-specific antibodies was performed. As shown in Fig. 2 , significant amounts of PKCa, PKCE, and PKC, and a trace amount of PKCj3 were found to be present in the cytosol and membrane of basilar arteries. Under our experimental conditions, bands corresponding to PKCy or PKC5 were not detected. PKCa, PKCj3, and PKC, were localized predominantly in the cytosol, whereas a relatively larger amount of PKCE was located in the mem brane. We then examined changes in the amounts of PKCa, PKCE, and PKC,. As shown in Fig. 3 , the cytosolic content of PKCa decreased on day 7 as compared with that on day 0 and then returned to the control level on day 14. The membrane content of PKCa was not significantly altered throughout the observation period. The amount of PKCE in both cytosolic and membrane fractions showed marked reductions as vasospasm progressed; the content of PKCE in both fractions exhibited the low est value (40 and 50% of the control value) on day 7. The PKCE levels in both cytosol and membrane re turned to control levels on day 14. In contrast to PKCa, and PKCE, the PKC, content in both cyto solic and membrane fractions showed no significant change throughout the observation period.
We have previously shown that the cellular con tent of 1,2-diacylglycerol, an endogenous activator of PKC, increases during the course of vasospasm (Matsui et a1., 1991) . To assess the involvement of specific phospholipid turnover as a potential source for the increase of 1,2-diacylglycerol content in the spastic artery, the incorporation of labeled precur sors into phosphoinositides, PC, and PE was mea sured. As shown in Table 1 , the incorporation of eHlmyoinositol into PI, PI4-monophosphate, or PI 4,5-bisphosphate did not differ between spastic and nons pas tic arteries. The incorporation of eH] choline into PC was twofold higher in spastic arter ies than in nonspastic arteries. Similarly, e4C]eth anolamine incorporation into PE was 1.7 -fold higher in spastic arteries, although the incorporated radioactivity was much lower than that of PC. The absolute masses of PC, PI, PE, and phosphatidyl serine in control nonspastic arteries were 30.0 ± 1.9 (n = 4), 11.4 ± 0.5 (n = 4), 10.3 ± 0.8 (n = 4), and 10.1 ± 0.3 (n = 4) nmolllO mg wet wt, respectively. The content of each phospholipid was not different between spastic and nonspastic arteries, indicating the increased turnover of PC and PE in spastic ar teries. We further examined whether there was any change in the extent of 20-kDa MLC phosphoryla tion in spastic arteries. Spastic cerebral arteries from either day 4 or day 7 animals showed no sig nificant increase in the level of phosphorylation of 20-kDa MLC [0.28 ± 0.02 (n = 3) and 0.20 ± 0.04 (n = 4) mol P/mol MLC] as compared with non spastic basilar arteries from normal beagles [0.28 ± 0.04 mol P/mol MLC (n = 4)].
DISCUSSION
The present study demonstrates that the cyto solic PKC activity from basilar arteries exhibits substantial decreases during the development of va sospasm in the beagle two-hemorrhage model, while the membrane PKC activity remains un changed (Fig. 1) . The cytosolic PKC activity recov ers toward normal control levels on day 14 when vasospasm is alleviated, suggesting a correlation between the extent of vasospasm and the cellular PKC activity. In accordance with these results of the measurement of PKC activity, PKCa in the cy tosol and PKCe in both cytosol and membrane frac tions are reduced on day 7 and then recover on day 14 (Fig. 3) . In contrast to PKCa and PKCe, the level of PKC� in both cellular factions does not change during the course of vasospasm (Fig. 3) . These re sults indicate that cellular PKCs, mainly PKCa and PKCe, are decreased in spastic basilar arteries. Very recently, Nishizawa et al. (1992) reported that the membrane PKC activity is increased with a re-J Cereb Blood Flow Metab, Vol. 13, No.3, 1993 ciprocal decrease in the cytosolic PKC activity in spastic arteries compared with that in nonspastic control arteries in the canine two-hemorrhage model. Although the reason for the discrepant re sults between their work and the present study is not clear, several crucial differences in the experi mental procedures are noted: First, they homoge nized basilar arteries in phosphate-buffered saline without Ca 2+ chelators or protease inhibitors, which might have caused artificial in vitro changes in the distribution of PKC between the cytosol and the membrane and degradation ofPKC; second, the PKC extracts were sonicated before separation by ultracentrifugation; and third, the PKC extracts were not passed through an ion-exchange column before the measurement of PKC activity.
We and others have previously shown that active phorbol esters, PKC activators, induce smooth muscle contraction apparently without a significant activation of the Ca2+ -and calmodulin-dependent MLC kinase (Takuwa et aI., 1988; Kamm et aI., 1989; Singer et aI., 1989) . Beagle basilar artery re sponds to active phorbol esters with a potent con traction, indicating the presence of a PKC dependent contractile mechanism in this artery (Sugawa et aI., 1991) . Our recent study has demon strated that topically applied PKC inhibitors, but not calmodulin inhibitors, dilate the spastic artery after subarachnoid hemorrhage . Further, the present study shows that the Ca2+ -and calmodulin-dependent phosphorylation of 20-kDa MLC is not detectably increased in spas tic cerebral basilar arteries on days 4 or 7 after sub arachnoid hemorrhage as compared with nonspastic control arteries. These findings suggest that mech anisms other than phosphorylation of 20-kDa MLC, including a PKC-dependent one, are operating to maintain vasospasm following subarachnoid hemor rhage, although the role of phosphorylation of 20-kDa MLC for the initiation and evolution of vaso spasm during the early phase remains to be clari fied. However, we did not detect an increase in membrane PKC activity while cytosolic PKC be came down-regulated. It is necessary to examine earlier time points in a future study. In addition, two possibilities deserve further investigation: First, there might be a partial proteolytic digestion of PKC, giving rise to an active fragment of the enzyme that requires neither diacylglycerol nor Ca2+ for activation (Nishizuka, 1984) ; second, al though the amount of membrane-associated PKC is not increased in the spastic artery, there might be changes either in local concentrations of membrane lipids such as arachidonic acid, phosphatidic acid, and sphingolipids that have modulatory effects on PKC activity (Bell and Burns, 1991) or in local Ca 2 + concentration in the submembrane domain, result ing in enhanced in situ PKC activity that is not de tectable with the method for the in vitro measure ment of total PKC activity. Further studies, includ ing the examination of PKC-dependent protein phosphorylation changes, will be required to ad dress these possibilities. Recently, two additional members of the PKC family, PKC1j/L and PKCe, both of which are Ca 2 + independent but phospho lipid and 1,2-diacylglycerol activated, have been discovered (Osada et aI., 1990 (Osada et aI., , 1992 . The expres sion of PKCll/L and PKCe in vascular tissues is not clearly characterized at present, and further studies are required to examine potential roles of these two PKCs in cerebral vasospasm. It is possible that the decreases of cytosolic PKCa and PKCE observed in spastic arteries were brought about by a persistent elevation in tissue 1,2-diacylglycerol content over several days (Mat sui et aI., 1991) , because the sustained activation of PKC by phorbol esters or diacylglycerol has been shown to lead to the down-regulation of PKC in a variety of cell types (Ballester and Rosen, 1985; Takuwa et al., 1989) . In this regard, it is notable that PKC� is not down-regulated in spastic arteries, as shown in the present work, because recent studies have revealed that phorbol esters and diacylglyc erol neither activate nor down-regulate PKC� in various cell types (Nakanishi and Exton, 1992; Takuwa et aI., 1992; Ways et aI., 1992) .
It is becoming evident that the major source of the increase in 1,2-diacylglycerol, when cells are stimulated with hormones and neurotransmitters, is an increased turnover of PC as well as phosphoi nositides (Exton, 1990; Majerus et aI., 1990) . Sev eral studies (Matozaki and Williams, 1989; Exton, 1990; Majerus et aI., 1990) have revealed that the hydrolysis of phosphoinositides serves as a source of 1 ,2-diacylglycerol accumulating during the initial phase of agonist action, while the hydrolysis of PC contributes rather to the maintained increase of 1,2diacylglycerol during the subsequent sustained ac tion of agonists. In addition, some agonists have been reported to stimulate the hydrolysis of PE to produce 1,2-diacylglycerol (Kiss and Anderson, 1989) . The present results demonstrate increased turnover of PC and PE but not of phosphoinositides in spastic arteries (Table 1 ), suggesting the possibil- ity that cleavage of PC and PE by phospholipase C or D (Exton, 1990) leads to an increased content of 1,2-diacylglycerol in spastic basilar arteries. The large cellular pool size of PC may favor the sus tained generation of 1 ,2-diacylglycerol in the basilar artery.
The molecular mechanism underlying the stimu lated turnover of phospholipids in the spastic artery is unknown at present. It is an interesting possibility that peroxides of arachidonic acid, the generation of which is enhanced after subarachnoid hemorrhage (Watanabe et aI., 1988) , provoke stimulation of phospholipid turnover, through either a direct re ceptor-mediated mechanism or another indirect mechanism, including PKC activation. This view is supported by the facts that certain arachidonate me tabolites stimulate the hydrolysis of PC via a direct, G protein-coupled mechanism in their target cells (Exton, 1990) and that PKC activators such as phor bol esters and permeable diacylglycerol analogues induce stimulation of the hydrolysis of PC in vari ous cell types (Takuwa et aI., 1987; Matozaki and Williams, 1989; Exton, 1990; Martinson et aI., 1990) . In this regard, a recent report that either 15or 12-hydroxyeicosatetraenoic acid acts as an inhib itor of diacylglycerol kinase to induce the accumu lation of 1,2-diacylglycerol (Yamaja Setty et aI., 1989) is notable.
